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Abstract
A minimal SO(10) model with 126 Higgs field breaking B-L symmetry has been shown recently
to predict large solar and atmospheric mixings in agreement with observations if it is assumed
that the neutrino mass follows from the triplet dominated type II seesaw formula. No additional
symmetries need to be assumed for this purpose. We discuss the conditions on the way SO(10)
symmetry breaks down to MSSM and the Higgs multiplets in the model, required for the triplet
dominated type II seesaw formula to hold. We find that (i) SO(10) must break to a nonminimal
SU(5) before breaking to the standard model; (ii) B − L symmetry must break at the time of
SO(10) breaking and (iii) constraints of unification seem to require that the minimal model must
have a 54 dimensional Higgs field together with a 210 and 126 to break the GUT symmetry.
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I. INTRODUCTION
The observed pattern of neutrino masses and mixings have posed a major challenge for
particle theory. While the seesaw mechanism is emerging as a compelling way to understand
why neutrino masses are so small compared to charged lepton and quark masses, there is no
single accepted mechanism to understand large mixings[1]. In theories without quark-lepton
unification, the large mixings may be a signal of new leptonic symmetries such as Le−Lµ−Lτ
for inverted hierarchy or a µ ↔ τ discrete symmetry for normal hierarchy. However, these
symmetries cannot be imposed on theories that unify quarks and leptons since there is no
trace of them in quark masses and mixings. Therefore understanding large mixing angles in
the context of grand unified becomes specially acute. Since grand unified theories (GUT)
have a number of interesting features including the fact that the seesaw scale is very close
to the GUT scale, it is important to explore ways to understand the large neutrino mixings
in the GUT theories.
For neutrino masses, the most interesting grand unification models are those based on
the gauge group SO(10)[2] since (i) the 16 dimensional spinor representation of the group
that fits in matter of one generation also contains the right handed neutrino that is an
essential part of the seesaw mechanism; (ii) the seesaw mass scale for the right handed
neutrino which is determined by the atmospheric neutrino data to be close to the GUT
scale receives a natural explanation as the GUT symmetry breaking scale and (iii) SO(10)
contains the Pati-Salam subgroup which helps to connect the quark and lepton parameters
thereby making the theory potentially more predictive.
While these make the SO(10) models appealing for neutrino mass studies, detailed quanti-
tative predictions often require extra symmetry assumptions beyond SO(10). One exception
to this is the class of models that use only one 10 and one 126 Higgs multiplet to generate
fermion masses[3, 4, 5]. In this case, if we ignore CP phases[6], there are only 11 parameters
describing the charged fermion masses and mixings. Furthermore, the right handed neutrino
mass matrix which ordinarily depends on a new set of parameters, is now given by a subset
of the above 11 parameters plus an overall scale. This is a sizable reduction in the number
of parameters compared to the standard model extended to include the seesaw mechanism,
where we have 31 parameters (30 in the absence of CP violation).
If we further assume that in the type II seesaw formula[7] for neutrino masses that appears
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naturally in these models, the triplet term dominates, then the solar mass difference square
and the two large mixing angles θ12, θ23 are predicted and found to be consistent with present
observations at 2.5 to 3 σ level and θ13 is predicted to be 0.18 which is slightly below the
present CHOOZ-Palo-Verde upper limit. The last prediction makes the model testable in
the next generation neutrino experiments.
Crucial to the success of the model is the assumption that the triplet term in the type
II seesaw formula dominates over the second term. In this paper we discuss the conditions
under which this happens. We find that they impose nontrivial constraints on the way
SO(10) symmetry breaks down to the minimal supersymmetric standard model (MSSM). In
particular, we find that SO(10) must break to the standard model via a nonminimal SU(5)
model. Secondly, the minimal SO(10) model with the Higgs structure 10, 126 ⊕126 and a
210 [10, 11] needs to be extended by the addition of a 54 multiplet.
This paper is divided as follows: in sec. 2, we show that if the triplet term in the type II
seesaw mass formula for neutrinos is to dominate, the simplest way is to let SO(10) break
to the standard model via a nonminimal SU(5); in sec. 3, we discuss SO(10) breaking via
nonminimal SU(5) and discuss the spectrum of SU(5) representations; in sec. 4, we point out
that the model requires the the Higgs system to contain a 54 dimensional field in addition
to the 210, 10 and a 126 pair to allow a light 15-Higgs field; in sec. 5, we provide a detailed
analysis of symmetry breaking in the SO(10) model with 54; in sec. 6, we consider gauge
coupling unification and determine the values of the SU(5) and the SO(10) scales; sec. 7
gives the conclusions of our study.
II. TYPE II SEESAW FORMULA AND SO(10) SYMMETRY BREAKING
It has been emphasized[7] that in theories that conserve parity asymptotically e.g left-
right symmetric and SO(10) models, the seesaw formula takes the form:
Mν ≃ f v
2
wk
MT
− m
2
D
fvB−L
. (1)
where MT ≃ λvB−L, the mass of the triplet Higgs field and the second term represents the
formula for models that do not have parity symmetry. This is called the type II seesaw
formula. Note that both the terms are inversely proportional to the scale vB−L. If in the
above formula, the first term is assumed to dominate, then in the minimal SO(10) models
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with only one 126-Higgs (and arbitrary number of 10’s), one obtains a sumrule of the form[8]
Mν = c(Md −Mℓ) (2)
In the context of minimal SO(10) models with only one 10 and one 126, this formula
provides a very novel mechanism to understand large neutrino mixings as was first pointed
out in Ref.[4] for the case of second and third generation neutrinos. The reason for large
mixings is the known convergence of the b and τ masses at the GUT scale which for the
case second and third generations leads to large atmospheric neutrino mixing angles without
further assumptions[4]. It was not clear at this stage, whether the same mechanism works
for the realistic three generation SO(10) models. This was subsequently shown in Ref.[5]
that indeed the same b− τ mass convergence can also explain large solar mixing angle and
give a small θ13.
As noted before, all these interesting results of minimal SO(10) are two assumptions : (i)
breaking of B-L symmetry by a single 126 and (ii) dominance of the triplet induced term
in the type II seesaw for neutrino masses. While qualitative arguments have been given in
favor of the second assumption, a detailed investigation of this has not been presented to
date. In this paper we fill this gap and critically analyze the second assumption using the
full Higgs structure of the model.
To see that this is a nontrivial question, first note that which term in Eq.1 dominates
depends on the value of fij (since the two terms depend on it in different ways). We therefore
need the value of the Yukawa couplings fij . Let us first introduce the Yukawa couplings of
the model. If we denote the 10 Higgs field by H , 210 by Φ, 126(126) Higgs field by Σ(Σ)
and the 16 spinor by ψ, then the matter part of the superpotential consists only of two
terms:
W = hijψiψjH + fijψiψjΣ (3)
At the GUT scale, this model has eight Higgs doublets (four up type and four down type).
By an appropriate doublet-triplet splitting mechanism these four pairs are assumed to reduce
to a single MSSM Higgs pair (φu, φd):
φu = α
u
1H5 + α
u
2Σ5 + α
u
3Φ5 + α
u
4Σ45 (4)
φd = α
d
1H5¯ + α
d
2Σ45 + α
d
3Φ5¯ + α
d
4Σ5¯
4
with the unitary condition
∑
i |αu,di |2 = 1. As in the case of MSSM, we will assume that the
Higgs doublets φu,d have the vevs < φ
0
u >= v sin β and < φ
0
d >= v cosβ, which then leads
us to the mass formulae for quarks and leptons.
Mu = h¯+ f¯ (5)
Md = h¯r1 + f¯r2
Me = h¯r1 − 3r2f¯
MνD = h¯− 3f¯
where
h¯ = 2hvαu1 sin β (6)
f¯ =
1√
6
fvαu2 sin β
r1 =
αd1
αu1
cot β
r2 = − 2α
d
2√
3αu2
cot β
As a typical order of magnitude of the couplings f¯ , h¯, we consider the work in Ref.[5] and
choose the values of r1,2 determined by the quark masses and mixings and the masses of the
charged leptons and find for our choice of parameters[5]
h =

3.26× 10−6 1.50× 10−4 5.51× 10−3
1.50× 10−4 −2.40× 10−4 −0.0178
5.51× 10−3 −0.0178 0.473
 (7)
and
f =

−7.04× 10−5 −2.05× 10−5 −7.53× 10−4
−2.05× 10−5 −1.85× 10−3 2.43× 10−3
−7.53× 10−4 2.43× 10−3 −1.64× 10−3
 . (8)
To get an idea of what kind of requirements are imposed by type II seesaw, note that the
largest element in the matrix f is ∼ ×10−3 whereas as that in h is about 0.5. From this we
estimate that the biggest contribution to neutrino mass from the second term (the canonical
seesaw term) is about ∼ m2t (MU )
fij,maxvB−L
≃ 3×106
vB−L
GeV. For vB−L ≃ MU ≃ 2 × 1016 GeV, this
gives an estimate for
√
∆m2A ≃ 0.15 eV which is slightly bigger than the experimental value.
If type II seesaw is to hold this must be much smaller than
√
∆m2A ≃ 0.05 eV. If we take
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this number to be 0.02 eV, it would require a value of vB−L ≃ 1017 GeV. Furthermore, for
the first term to give the correct value for
√
∆m2A, the mass of of the color singlet, SU(2)L
triplet Higgs field (denoted henceforth by ∆L) should be of order 10
12 GeV. Clearly the
presence of such a light triplet is going to affect unification of couplings.
The above remarks have the following implications:
• First and foremost is that vB−L ≥ 1017 GeV which can happen if SO(10) first breaks
to SU(5) which subsequently breaks to the standard model.
• Second is that maintaining gauge coupling unification would dictate that the SU(2)L
triplet ∆L be part of a complete SU(5) 15 multiplet at the same scale.
We will explore under what conditions, these requirements are satisfied in our SO(10)
model. We must note that in deriving the above estimates for vB−L and M∆L , we have used
the numerical values for the Yukawa couplings from the neutrino fit in [5] Eq.(1). However,
one could consider variations of type II seesaw SO(10) models that contain a 120multiplet[9]
where the value of f33 is of order 0.1. In such a case, even a vB−L ≃ 2× 1016 GeV can lead
to a triplet dominated type II seesaw, provided M∆L ≃ 2× 1014 GeV. In this case also one
needs both these conditions to be satisfied though at a somewhat milder level.
We now proceed to discuss how these conditions can be satisfied in the SO(10) model
that first breaks to nonminimal SU(5) and then to the standard model.
III. BREAKING SO(10) TO STANDARD MODEL VIA SU(5)
We start with the minimal Higgs fields H(10), Φ(210), Σ(126) and Σ(126) and write
down the most general renormalizable super-potential:
W =
mΦ
2× 4!Φ
2 +
mΣ
5!
ΣΣ +
mH
2
H2 +
λ
4!
Φ3 +
η
4!
ΦΣΣ +
1
4!
ΦH(αΣ+ αΣ) (9)
We then extract the various SU(5) submultiplets from each of the SO(10) Higgs multiplets
and rewrite the superpotential in terms of these fields. Extensive discussion of the decom-
position of SO(10) multiplets in terms of its subgroups [12, 13, 14, 15] as well as detailed
analysis of the potential exists in the literature[13, 14, 15]. We have calculated the SU(5)
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decomposition of various SO(10) invariant couplings and use them in this paper. For this
purpose note that
210 = 10 ⊕ 5−8 ⊕ 5+8 ⊕ 104 ⊕ 10−4 ⊕ 240 ⊕ 750 ⊕ 40−4 ⊕ 40+4 (10)
126 = 1−10 ⊕ 5−2 ⊕ 10−6 ⊕ 15+6 ⊕ 452 ⊕ 50−2 (11)
In terms of the properly normalized SU(5) submultiplets we now rewrite first the bilinear
terms and then the trilinear terms in the superpotential
LB = mHHaH
a +mΦ{(Φ5)a(Φ5)a + 1
3!
(Φ40)abc
d
(Φ40)abcd (12)
+
1
2
(Φ10)ab(Φ
10)ab +
1
8
(Φ75)ab
cd
(Φ75)cd
ab
+
1
2
(Φ24)a
b
(Φ24)b
a
+
1
2
Φ2o}
+ mΣ{σoσo + 1
4!
(Σ
15
)a
bcde
(Σ15)abcde +
1
2!
(Σ
10
)ab(Σ
10)ab
+
1
12
(Σ
50
)abc
de
(Σ50)abcde +
1
2
(Σ
45
)a
bc
(Σ45)abc + (Σ
5
)a(Σ
5)a}
and the trilinear term become
LT =
λ√
10
Φo{12(Φ5)a(Φ5)a + 3(Φ10)ab(Φ10)ab + (Φ24)ab(Φ24)ba − 1
2
(Φ75)ab
cd
(Φ75)cd
ab} (13)
+ ασoH
a(Φ5)a + α
√
3
5
ΦoH
a(Σ
5
)a + ασoHa(Φ
5)a + α
√
3
5
ΦoHa(Σ
5)a
+
√
6ησ¯o{(Φ5)a(Σ5)a + 1
2
(Φ10)ab(Σ10)ab}+ c.c.
+
η√
10
Φo{2(Σ10)ab(Σ10)ab + 1
12
(Σ15)abcde(Σ
15
)a
bcde − 1
3!
(Σ50)abcde(Σ
50
)abc
de
+ 4(Σ5)a(Σ
5
)a}
+
2λ√
10
Φ3o + η
√
10Φoσoσo
A. SYMMETRY BREAKING AND RELATIONS AMONG THE PARAME-
TERS
We can now discuss SO(10) breaking to SU(5). There are three SU(5) singlets: one in
each of the 126 pair and one in 210. The SU(5) singlets in the 126 pair have nonzero B-L
and therefore B-L breaking scale is same as the SO(10) scale. Since supersymmetry must
remain unbroken all the way down to the weak scale, we set the F-terms to zero. These F
conditions give the following constraints on the vacuum expectation values:
FΦo = mΦΦ˜o + 6λΦ˜
2
o + ησoσo = 0 (14)
7
Fσo = σo(mΣ + 10ηΦ˜o) = 0
where Φ˜o =
Φo√
10
. The solution that breaks B-L is
Φ˜o = −mΣ
10η
(15)
σoσo =
mΣ
10η2
(mΦ − 3λmΣ
5η
)
Note that with this minimal set of Higgs fields, σoσo has to be non-vanishing in order to
get the standard model group below the GUT scale because the σo, σo are the only singlets
that break the local B-L.
B. MASSES OF SU(5) SUB-MULTIPLETS
From the Lagrangian found above we easily write down the masses of the various SU(5)
submultiplets; we list those with no mixing in Table I.
Table I
40 mΦ
75 mΦ − 4λΦ˜o
24 mΦ + 2λΦ˜o
15 4
5
mΣ
50 6
5
mΣ
45 mΣ
Table caption: This table gives the masses of the various SU(5) multiplets in the SO(10)
multiplets of the minimal model.
The mass matrix for the SU(5) singlets in the basis (Φ0, σ0, σ0) is found to be:
mΦ + 12λΦ˜o
√
10ησo
√
10ησo√
10ησo 0 0√
10ησo 0 0
 (16)
One of the combination of the singlets has zero mass and is the Goldstone Boson corre-
sponding to the breaking of B-L. As can be seen from the above matrix, the corresponding
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field is a linear combination of the fields σo and σo. Taking this out, we find the 2× 2 mass
matrix to be:  mΦ + 12λΦ˜o
√
10η
√
σ2o + σ
2
o√
10η
√
σ2o + σ
2
o 0
 (17)
The mass eigenvalues are given by:
msinglet =
mΦ + 12λΦ˜o ±
√
(mΦ + 12λΦ˜o)2 + 40η2(σ2o + σ
2
o)
2
(18)
The mass matrix for the 10 is mΦ + 6λΦ˜o
√
6ησo√
6ησo −6ηΦ˜o
 (19)
This mass matrix has a zero eigenvalue and the associated eigenstate field is the Gold-
stone boson corresponding to the breaking of SO(10) down to SU(5) × U(1). The massive
combination has mass
m10 = − η
Φ˜o
(|σoσo|+ 6Φ˜2o) (20)
The mass matrix for 5-plet Higgs in the basis of 5 = (H,Φ,Σ) and 5¯ = (H,Φ,Σ) is
5¯

mH ασo
√
6αΦ˜o
ασo mΦ + 12λΦ˜o
√
6ησo√
6αΦ˜o
√
6ησo −6ηΦ˜o
5 (21)
IV. NECESSITY OF 54 HIGGS FIELD
It is clear that in the minimal model with 10, 126 pair and a 210 the masses of the
SU(5) submultiplets 15, 50 and 45 are proportional to the same parameter mσ. Therefore
if we want to have 15 Higgs fields at the sub-SU(5) scale of 1013 GeV, in order to enforce
the type II seesaw formula with the triplet vev dominating, then we would have to have also
the 45 pair and the 50 pair at nearly the same scale. This however will affect the evolution
of gauge couplings very drastically. We therefore need a way to split only the 15 dim. field
without affecting the other fields. As we show below, this is precisely what happens if we
add to the model an additional 54 dimensional Higgs field. The main reason for this is that
the 54 Higgs field contains an additional SU(5) 15 Higgs field.
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In the presence of the 54 Higgs field (denoted by S), the superpotential of Eq. (9) has
the following additional terms:
W54 =
m15
4
SabSab +
λ1
3!
SabSbcSca +
λ2
2
SabHaHb (22)
+
λ3
2× 4!SabΣacdefΣbcdef +
λ3
2× 4!SabΣacdefΣbcdef +
ρ
12
SabΦacdeΦbcde
Note that 54 = 154 + 15−4 + 240 under SU(5). Therefore when σo = σo = vB−L, the 15
multiplets have a 2× 2 mass matrix of the form: 45mΣ
√
2λ3σo√
2λ3σo m15
 (23)
Similarly the 24 in 210 and in 54 mix and we have the following mass matrix for the 24
Higgses: mΦ + 2λΦ˜o
√
6
5
ρΦo√
6
5
ρΦo m15
 (24)
There is no effect on the 45 and 50 Higgs masses. We can now fine tune the 15 mass matrix
to get one 15+15 lower mass ( at 1013 GeV), while keeping the other pair at the SO(10)
scale. We could not have done this without the 54 field. Furthermore, we fine tune the
parameters in 24 mass matrix to keep one 24 at the SU(5) scale. Since the parameters in
the 24 and 15 mass matrices are different, the two fine tunings can be done independently.
We thus conclude that in the minimal SO(10) model for the triplet term to dominate
type II seesaw formula, the minimal Higgs set required are: 10, 126-pair, 210 and 54
dimensional.
We believe this result is interesting with important implications for SO(10) model build-
ing.
V. NEW MINIMAL MODEL
As already noted, the numerical analysis of neutrino sector indicates that f33 ∼ 10−3 if
the mixing angle αu2 is of order 1 and the mass of the triplet Higgs field has to be order of
1012 GeV in order for the triplet term in type II seesaw to dominate. However, if the mixing
angle can be reduced, f will increase and the the mass of the triplet can be higher. For
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example, if the mixing angle is reduced by factor of 10−4, f33 will increase by the same factor
and the triplet mass just needs to be 1016 GeV. While no fine tuning in Higgs 15 mass is
needed in this case, one needs a fine tuning in the values of the Higgs mixing parameter that
will allow an increase in the value of f33. This is due to the fact that the fit that requires
r1 ∼ 0.014, r2 ∼ 0.15 and tan β = 10, we need αd2 ∼ αu2 ∼ 0.0001 and αd1 ∼ 0.1 in order to
get the required triplet mass up to GUT scale.
Furthermore, making the triplet of 15 light by fine tuning always leaves other components
heavy. In this case the coupling unification is destroyed.
Here we show in the model with 54 Higgs the relative lightness of 15 is achieved with-
out bringing down any other unwanted multiplet below the SO(10) scale. The symmetry
breaking scheme is two step type as before. First, SO(10) is broken at the scale of 1018 GeV
down to SU(5) and then, to Standard model at the GUT scale (2× 1016GeV).
A. SUPERSYMMETRIC VACUUM
The equations of Fi = 0 with non-vanishing vB−L are
mΦS− + 6λS2o + ησoσo + 2ρSS− = 0 (25)
mΦS+ + 2λ(S
2
+ + 2S
2
o) + ησoσo −
4
3
ρSS+ = 0
mΦSo + 2λ(S− + 2S+)So + ησoσo +
1
3
ρSSo = 0
mΣ + η(S− + 3S+ + 6So) = 0
5
6
m15S +
5
36
λ1S
2 + ρ(S2o + S
2
− − 2S2+) = 0
where S is the vev of the 24 in S and S±,o are the linear combinations of the vev of 24, 75
and 1 in Φ. They can be written explicitly as
S+ =
1
3
< 75 > −2
9
< 24 > + < 1 > (26)
S− = < 75 > +
1
3
< 24 > + < 1 >
So = −1
3
< 75 > +
1
18
< 24 > + < 1 >
Note that < 1 >= Φ˜o breaks the SO(10) down to SU(5) and other components break
the SU(5) down to the MSSM. In order for the two-step symmetry breaking to happen, we
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need to have Si = Φ˜o + mΦsi and S =
mΦ
ρx
s (x = Φ˜o
mΦ
) with all si and s much less than 1
(they are of order 10−2 in our scheme). The equations up to leading order become
x+ 6λx2 + η
σoσo
m2Φ
+ s− + 12λsox+ 2s = 0 (27)
s+ − s− + 4λx(s+ − so)− 10
3
s = 0
so − s− + 2λx(s− + 2s+ − 3so)− 5
3
s = 0
s− + 3s+ + 6so = 0
5m
6
s+ 2(So + S− − 2S+) = 0
where m = m15
mΦ
1
(ρx)2
.
The first equation in (27) can be satisfied by solving σoσo. In order to have non-vanishing
solution of s’s, we require the condition
Det

1 + 4λx −4λx −1 −4
4λx 1− 6λx −1 + 2λx −2
3 6 1 0
−4 2 2 m

= 0 (28)
This gives xλ = 1
4
or m = 12
1+2λx
. In the first case, the 75 Higgs will be light and has huge
contribution to the RG running above the SU(5) scale. This will bring the coupling constant
to the strong regime below the required 1018 GeV. We will exclude this and set xλ 6= −1
2
, 1
4
from now on. The solution is given by

s+
so
s−
 = s3(1 + 2λx)

4
−1
−6
 (29)
Compared with the explicit forms of s±,o, this solution corresponds to < 75 >= 0 and
<Φ24>
<S24>
= − 6
1+2λx
as a result of our choice to keep the 75 heavy.
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B. effective SU(5) superpotential
At the SU(5) level, the effective superpotential that emerges from the SO(10) theory can
be written as:
WSU(5) = hdT F¯ F¯5 + fdT F¯ F¯45 + huTTF5 + fuTTF
′
5 (30)
+ hνFFF¯15 + hDFF¯5N + WHiggs (31)
where the Higgs part of the superpotential WHiggs is given by
WHiggs =
∑
a
Maχaχa + WTr (32)
with χa going over all the multiplets. We only give the trilinear terms of the form
(24)(15)(15) that will contribute a mass terms to the 15 when the 24 get a vev. We
found
WTr = −
√
3ηΦa
bΣbcΣ
ac
+ λ1Sa
bSbcS
ac + .... (33)
With appropriate fine tuning, we can reduce the nonminimal SU(5) group down to the
MSSM where the Higgs fields are linear combinations of the standard model doublets in 5
and 45 fields.
C. MASS OF 15
Below the SO(10) scale M10, the mass of 15 is given in Eq. (23)
M15 =
 45mΣ
√
2λ3σo√
2λ3σo m15
 (34)
In order to have one light 15, we require 4
5
mΣm15 = 2λ3λ3σoσo. The two 15 can then
be written in term of the light and heavy 15, 15L and 15H . In term of the light field 15L,
Eq.(33) become
WTr = (8m
2
Σλ1S
24 − 25
√
3ηλ3λ¯3σoσ¯oΦ
24)15L15L + · · · (35)
where · · · stand for terms involve heavy particle. This will give a mass of order 1016 GeV to
the light 15 and will destabilize the whole multiplet at the scale of 1014 GeV. To stabilize
the 15, we set this term to zero and that require
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8m2Σλ1 < S
24 >= 25
√
3ηλ3λ3σoσ¯o < Φ
24 > (36)
The corrections of the 15 mass thus come from the higher dimensional operators, which
in general have contribution of order <24>
2
M10
∼ 1014 GeV. The splitting between different
multiplets in 15 are at most of this order and the effect on the unification of coupling is like
the small threshold effect.
D. MASS OF 5
In our scenario, 45 is heavy and so its contribution to the physical Higgs doublet comes
from the integrating out the 45. The mixing angle αd2 is therefore small (∼ 10−2). We now
analyze the physical Higgs mass from 5’s in the approximation of SU(5) symmetry. The
mass matrix is given in Eq. (21). Again, the determinant of the matrix has to be zero. That
gives
λ
η
=
2αασoσo
ηmHΦ˜o + ααΦ˜2o
(37)
The small mixing of Σ5 (α
u
2 ∼ 10−2) require
2
√
6α¯ηΦ˜
ααΦ˜o − ηmH
= 100 (38)
and αd1 ∼ 0.1 require
α
α
= 103 (39)
or
α¯Φ˜o
ησo
= − 10 (40)
To summarize, we collect all conditions from the arguments above.
σoσo = −(x+ 6λx2 + s− + 12λsox+ 2s)
m2φ
η
(41)
m =
12
1 + 2λx
(42)
14
xλ 6= −1
2
,
1
4
(43)
4
5
mΣm15 = 2λ3λ3σoσo (44)
< φ24 >
< S24 >
=
4λ1mΣ
5
√
3ηm15
= − 6
1 + 2λx
(45)
λ
η
=
2αασoσo
ηmH φ˜o + ααφ˜2o
(46)
2
√
6α¯ηφ˜
ααφ˜o − ηmH
= 100 (47)
α¯φ˜o
ησo
= −10 (48)
When these conditions are all satisfied, we have the required triplet dominated type-II
seesaw. Because m, λ1 and χ are free parameters, equation (42), (44) and (45) can be
satisfied by assigning the correct value to these three parameters. Equation (47) can be
satisfied by tuning the denominator. We simply set the denominator of equation (47) to
zero and find that
α¯φ˜o
ησo
= −10 (49)
ααφ˜o = ηmH
λ
η
=
σoσo
φ˜2o
= −1 + 6λx
ηx
σoσo = −x(1 + 6λx)
m2φ
η
where we have simplified equation (41) by including only the leading order terms. Note that
x = φ˜o
mφ
. We found from the equations above that λx = −1
7
. If mH ∼ mφ, we have also
found the relations α
α
= 7
100
and α¯√|λη| = 10. There are enough free parameters in the model
to allow the above equations to be satisfied simultaneously. In this model we have f33 ∼ 0.1,
vB−L = 1018 GeV, the triplet mass MT ∼ 1014 GeV and the GUT scale remains at 2× 1016
GeV.
One of the obvious concerns one may have with a 15-Higgs field around a mass of 1014
GeV is its contribution to proton decay. As has been discussed very early on in the study
of SU(5) theories[16] 15 Higgs field cannot contribute to proton decay in the limit of exact
SU(2)L. Therefore, typical strength of proton decay amplitude arising from the exchange of
15 Higgs is ≃ vwkhνhd
M15M5
m
G˜
αs
4πm2
q˜
≃ hνhd10−32 GeV−2. This is far below the present experimental
limits on this strength.
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VI. GAUGE UNIFICATION AND SO(10) SCALE
Given the above multiplet structure, we can now evaluate the SO(10) unification scale.
Since a viable type II theory requires that SO(10) breaking be at least a factor of 5 bigger
than the SU(5) scale, we need to see if the gauge coupling remains perturbative (i.e. αU ≤ 1)
until the SO(10) scale M10. For this purpose let us assume that the theory below the SU(5)
scale is MSSM as a starting point. Taking the contributions of the various new Higgs fields
above the SU(5) scale M5, we find that
α−110 = α
−1
5 −
b5
2pi
ln
(
M10
M5
)
(50)
where b5 is the contribution of the supermultiplets with masses between the SU(5) and the
SO(10) scale. In order to determine α10, we need the value of α5 as well as the coefficient
b5. The former will be different from the cannonical MSSM value since now there is a full
15-dim. multiplet below the SU(5) scale M5. Let us proceed to calculate this.
The running of the standard model gauge couplings from the electroweak scale to the
SU(5) unification scale can be written as
α−1i (mZ) = α
−1
5 +
bi
2pi
ln(
M5
Mz
) +
δi
2pi
(51)
where αi=1,2,3 are the properly normalized U(1), SU(2) and SU(3) gauge couplings, α5 and
M5 are the SU(5) gauge coupling and unification scale. The last term in (51) is the correction
due to light multiplets (i.e with mass smaller than M5). In our model it corresponds to the
15 + 15 chiral superfields responsible for the type II see-saw and is given by
δi = δbi ln(
M5
M15
) (52)
where
−→
δb = (7, 7, 7) (53)
Now it is straight forward to show that
α5 =
α
(0)
5
1 + α
(0)
5 ∆5
(54)
α
(0)
5 is the value of the SU(5) gauge coupling with the MSSM spectrum, and ∆5 is given by
∆5 = − 1
56pi
[5(δ2 − δ1) + 28δ2] = − 1
2pi
δ2 (55)
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With M15 ∼ 1014 GeV the gauge unification coupling increases by ∼ 15% which amounts
to an increase of about 30% in the proton decay life time via the dimension 6 operators.
The SU(5) unification scale and the value of αstrong(mZ) are unaffected by the extra light
complete multiplet. In Fig. 1, we show the coupling constant evolution in the case with the
15 mass at 1013 GeV.
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FIG. 1:
Figure caption: Running of the gauge couplings in the presence of an SU(5) 15-multiplet
pair at 1014 GeV.
Table II
M15(GeV ) α5 τ
(0)
p /τp
1011 0.092 5.08
1012 0.074 3.28
1013 0.062 2.31
1014 0.054 1.75
Table Caption:The SU(5) gauge coupling and proton decay with the 15 − plet mass
M15 = {1011, 1012, 1013, 1014}GeV
17
Using this value of α5 we can evaluate α10 and check whether it is perturbative at M10.
With one pair of {15, 5} and one 24 we find M10 ≃ 5.5 × 1018 for α10 ≃ 1. If we assume
two 24 and three pairs of 5 below the SO(10) scale we get M10 ≃ 1018 GeV. Either of these
values are sufficient to make the second term in the seesaw formula small and make the
triplet term dominate the neutrino mass.
VII. CONCLUSION
We have given a thorough discussion of the conditions under which the triplet term in
type II seesaw dominates the neutrino mass formula in a class of SO(10) models with 126
that have been shown to lead to successful predictions of neutrino masses and mixings. This
turns out to impose nontrivial constraints on the nature of symmetry breaking and Higgs
structure of the model. For instance, we find that the minimal Higgs structure consistent
with requirements of gauge coupling unification and triplet dominated type II seesaw is a
combination of 210 and 54 multiplets in addition to the multiplets 10 and the 126 pair
required for fermion masses. We give a detailed analysis of the Higgs potential, the resulting
mass pattern of Higgs fields as well as the gauge coupling evolution in these models. We find
that the SO(10) must first break to a non-minimal SU(5) at a scale of about 1018 GeV with
SU(5) subsequently breaking down to MSSM at 2 × 1016 GeV. A complete SU(5) 15-plet
must be around a 1013 GeV scale to lead to both a triplet dominated type II seesaw and
gauge coupling unification. A low scale 15 does not lead to any new rapid proton decay
modes. It can lead to ∆B = 2 transitions such as neutron-anti-neutron oscillation but the
rate for this process in this model is too small to be observable. We wish to emphasize that
this symmetry breaking pattern leaves our considerations for proton decay unchanged[17].
It is interesting that the triplet mass being of the order 1013 GeV might generate a baryon
asymmetry through its lepton violating interactions.
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